Abstract-A new, simple but general analytic description of the band discontinuities at a semiconductor heterojunction is derived from the fundamental electrochemical principle. We include the effects of nonuniform band structure and carrier degeneracy (Fermi-Dirac statistics), dielectric image forces, quantum-mechanical exchange-correlation forces, and dipole forces across the interface. These nonideal effects (band model parameters) are expressed in terms of the activity coefficients (thermodynamic parameters) of the carriers. Furthermore, we find a simple but general correlation between the energy band discontinuities and the activity coefficients of the carriers. Such a mathematical link between the two quantities shows that the thermodynamic parameters are important to the physics that determines the band discontinuities.
I. INTRODUCTION HE interface band discontinuities play a crucial role
T in carrier transport across a semiconductor heterojunction and in the behavior and response of heterojunction devices [ 13. Accurate knowledge of the band discontinuities is thus necessary for the design and modeling of such device applications. Several theoretical approaches based on the physics point of view, as reviewed by Kroemer [2] , are used to predict the lineup of the bands at the interface. These include the Harrison atomic orbital theory [3] , the Frensley-Kroemer pseudopotential theory [4] , the Anderson electron affinity rule [5] , and the self-consistent interface potential theories [6] -[ 101. It was found that none of these predictive rules meets the needs of the device physicist.
Recently, Unlu and Nussbaum [ 1 13 use the fact that the difference in electrostatic potentials for a system in equilibrium is equal to the difference in chemical potentials [ 121, and they obtained the band discontinuities AEc and AE, for nondegenerate systems as the difference in the effective potentials defined by including the macroscopic and microscopic forces across a heterojunction. The predicted results are in good agreement with experiments cited by Kroemer [ shown below, however, the exact expressions for the nondegenerate systems are given by (29) and (30), neglecting the camer degeneracy effect.
In this paper, we present a general analysis that stands on the electrochemical foundation of equilibria. The model includes the effects of the nonuniform band structure, the influence of Fermin-Dirac statistics, and the other potential energy, e.g., due to dipole forces, besides the electrochemical potential. These nonideal effects are expressed in terms of the activity coefficients of the carriers through the electrochemical potential equation and by proper choice of the reference potential. To simplify the analysis, the carrier densities are written in a simple Boltzmann-like form in which the effects associated with nonuniform band structures and carrier degeneracy are described by two quantities: the effective bandgap shrinkage and the effective asymmetry factor (as defined below). We then find a simple relation between the energyband discontinuities and the activity coefficients of the camers. Finally, the relation between the built-in potential and the energy-band discontinuities is also discussed. ( 1 )
and where Eo is the field-free vacuum level, EL is the local vacuum level, and x is the electron affinity. is the potential energy and is given by
and
where V ( x ) is the macroscopic continuous electrostatic is the classical dielectric image force, and & ( x ) is the interface dipole bond energy. The first three terms on the right-hand side of (5) (9) and In thermal equilibrium, the carrier concentrations no and po are related to the electrostatic potential by (6), (7) , and (9) To relate the band discontinuities to the activity coefficients of the carriers at the semiconductor heterojunctions, we consider a one-dimensional p-n junction with ohmic contacts at x = 0 on the p-side and x = W on the n-side, and with the junction at x, . The activity coefficient of the carriers is defined in a straightforward manner by the electrochemical potential equation [ It is noted that the band discontinuities AE,(x, ) and A E , ( x j ) can be related to the carrier densities by (13),  (14L (20), (211, (221, and (26 
SUMMARY AND DISCUSSION
Based on the irreversible thermodynamic point of view, the relationship between the band discontinuities the activity coefficients of the carriers at a semiconductor heterojunction is discussed. A simple but general formulation of the results, which include the effects of energybandgap nairowing, carrier degeneracy, the effective density of states, dielectric image forces, quantum-mechanical exchange-correlation forces, and dipole forces across the interface, was presented. The results imply that the thermodynamic parameters are important to the physics that determines band discontinuities. The approach presented here also allows convenient treatment of heterojunction devices in a manner that is both thermodynamically consistent and consistent with the energy-band parameters.
We note that, for a doubly-intrinsic heterojunction, (29) and (30) are reduced to and Equation (36) has been used to calculate the conduction band discontinuity from the built-in potential for a 
The last two terms in (37) are the corrected quantities that
Finally, it should be pointed out that all results presented here are quite general and can be used for n-N and p-P heterojunctions. The results can also be readily exand deviate from homojunctions.
tended to a self-consistent solution with Schrodinger's equation.
+A$other(Xj
Equations (31), (33), and (34) give the same results as those given by Unlu and Nussbaum [ 11 J, but with a different treatment, as discussed here. The model has been used to predict the heterojunction band discontinuities found in good agreement with the experiment for many systems [ 1 11.
It is of interest to note that the built-in potential is readily derived from (1 3). After some algebraic manipulation, the result is given by 
